Objectives. The exact underlying mechanism of rituximab treatment in patients with RA is poorly defined and knowledge about the effect of B cell depletion on immune cells in secondary lymphoid organs is lacking. We analysed lymphoid tissue responses to rituximab in RA patients.
Results. LN + IgD À switched memory B cells persisted in LN biopsies after rituximab treatment. In the T cell compartment, a significant decrease was observed in the frequency of early activated, tissue resident T cells after rituximab treatment, but late activated T cells persisted. B cell proliferation inducing cytokine IL-21 was higher expressed in LN biopsies of RA patients compared with HC and expression was not affected by rituximab treatment.
Introduction
RA is an immune-mediated inflammatory disease affecting 1% of the population and is characterized by synovial inflammation leading to destruction of cartilage and bone.
Autoreactive B cells are thought to be pivotal in the aetiology of RA because of its association with autoantibodies such as IgM-RF and/or ACPA, which can precede the clinical onset of the disease by many years [1, 2] . In addition, the inflamed synovial tissue contains expanded B cell clones [3] and ectopic germinal centre-like structures [4] . Also, the majority of RA patients show clinical benefit upon treatment with the B cell depleting anti-CD20 antibody rituximab [57] . However, rituximab treatment does not target antibody-producing plasma cells and does not cure RA as additional treatment is required upon B cell recovery.
Administration of rituximab results in a rapid, almost complete depletion of CD20 positive B cells in peripheral blood but only partial depletion in synovial tissue and bone marrow [813] . The relative resistance of B cells to the effects of rituximab in tissues may be related to sustained expression of protective factors such as B cell activating factor (BAFF, also called B lymphocyte stimulator), complement inhibitors CD55 (decay-accelerating factor) and CD59, or increased expression of receptors for B cell survival, such as BAFF receptor (BAFF-R) and transmembrane activator and CAML interactor (TACI).
The underlying mechanisms of anti-CD20 antibody therapy are still poorly defined, and it is not known why this treatment may result in long-lasting improvement but not in cure. We found that memory B cells infiltrate the inflamed synovial tissues of only a proportion of RA patients and that the extent of synovial B cell depletion varied between patients [11] . Presence or change in synovial B cells did not predict clinical response to treatment. We hypothesized that the variable clinical response and resistance to rituximab is caused by variable depletion and persistence of autoreactive memory B cells in secondary lymphoid tissue where autoantigen presentation and differentiation of these cells are likely to occur. Therefore, we investigated the effect of rituximab therapy on immune cells in lymph node (LN) biopsies of RA patients.
Methods

Patients
Fourteen RA patients were included in the study. All patients were diagnosed according to the ACR 1987 classification criteria for RA [14] and had active disease defined by a DAS evaluated in 28 joints (DAS28) >3.2. Stable treatment for at least 2 weeks with DMARDs, oral corticosteroids up to 10 mg daily and NSAIDs was permitted. Patients had previously failed treatment with at least one anti-TNF agent, defined as inadequate response or intolerance. Anti-TNF treatment was discontinued at least 4 weeks before start of treatment with rituximab. For comparison, five healthy individuals who were IgM-RF and ACPA negative were included. The study was approved by the Medical Ethics Committee of the AMC/University of Amsterdam and all patients gave written informed consent.
Study design
Patients were treated with intravenous infusions of 1000 mg of rituximab on day 1 and day 15 as previously described [11] . Premedication with methylprednisolone was omitted so as to be able to study the specific effects of rituximab. LN tissue was obtained as described previously [15] before and 4 weeks after the first infusion with rituximab. Immediately after collection biopsies were processed for flow cytometry analysis, snap-frozen en bloc in Tissue-Tek OCT compound (Miles, Elkhart, IN, USA) for immunohistochemistry analysis or snap frozen for RNA isolation. Clinical assessment was performed at day 0, and after 2, 4, 8, 12, 16, 20 and 24 weeks after start of treatment, including assessment of DAS28, CRP levels and ESR.
Flow cytometry analysis of peripheral blood Peripheral blood was drawn before and 4 weeks after the start of rituximab treatment to determine ACPA and IgM-RF levels. B cell frequencies were determined by highly sensitive B cell analysis using flow cytometry [16] . B cells were defined as CD19 Flow cytometry analysis of lymph node tissue LN tissue was put through a 70 mm (BD Falcon, San Jose, CA) cell strainer to obtain a single cell suspension. Cells were washed with PBS containing 0.01% NaN 3 and 0.5% BSA and stained for 30 min at 4 C with directly labelled antibodies: CD45 PercP-Cy5.5, CD19 Alexa-700, CD27 APC-H7, IgD Pe-Cy7, CD20 PE, IgM FITC, CD69 PE, CD69 PerCP, CD21 APC, CD23 PE, CD25 APC, CD267 PE, BAFF-R FITC, CD16 Percp-Cy5.5, CD56 PE, CD55 PE, CD59 FITC (BD Biosciences, Breda, the Netherlands), HLA-DR Alexa-700 (eBioscience, Vienna, Austria), CD3 FITC (Sanquin, Amsterdam, the Netherlands). After incubation cells were washed and immediately analysed on a FACS CANTO II (BD Biosciences). To enable the measurement of different B cell subsets, a seven-colour FACS panel was set-up using antibodies against CD19, IgD, IgM, CD27, CD21, CD23 and CD45 (for normalization). Data were analysed using FlowJo software (Treestar, Ashland, OR, USA) and presented as frequencies, absolute numbers relative to 100 000 CD45 + lymphocytes or geometric mean fluorescence intensity (normalized on negative populations).
Immunohistochemical analysis of lymphoid tissue sections
Sections (5 mm each) were cut and mounted on StarFrost adhesive glass slides (Knittelglä ser, Braunschweig, Germany). Sealed slides were stored at À80 C until further use. LN tissue sections were stained using mouse monoclonal antibodies against T cells (anti-CD3, clone SK7; Becton Dickinson, Breda, the Netherlands), B cells (anti-CD22, clone RFB4; Millipore, Amsterdam, the Netherlands) and plasma cells (anti-CD138, clone MI15; Dako, Heverlee, Belgium).
Staining was performed using a three-step immunoperoxidase method to detect bound anti-CD138 antibodies, as described previously [17] . For anti-CD3 and anti-CD22, we used a two-step immunoperoxidase method with a secondary polymer-horseradish peroxidase-conjugated anti-mouse antibody (EnVision+ System; Dako). As a negative control, irrelevant isotype-matched immunoglobulins, instead of the primary antibody, were applied to the sections. Staining was analysed by digital image analysis in a blinded fashion using a Syndia algorithm on a Qwinbased analysis system (Leica, Cambridge, UK) as described previously [18] . The number of positive cells was calculated for each section as the number of positive cells per square millimetre of tissue.
Quantitative real-time PCR Total RNA was extracted from LN biopsies using the AllPrep DNA/RNA mini kit (Qiagen, Venlo, the Netherlands). RNA (500 ng) was reverse transcribed into cDNA using the Revertaid H-minus first strand cDNA synthesis kit (Thermo Fisher Scientific, Amsterdam, the Netherlands) according to the manufacturer's instructions. Quantitative real-time PCR was performed using a Step One Plus detection system [Thermo Fisher Scientific (Applied Biosystems)] using Taqman assays [Thermo Fisher Scientific (Applied Biosystems)] for 18S RNA (Hs99999901_s1) and IL-21 (Hs00222327_m1). Values for each gene were normalized to the expression level of 18S RNA. An arbitrary cDNA sample was used on each qPCR plate for normalization between different experimental runs.
Statistical analysis
Data not normally distributed are presented as medians with interquartile range. Differences were analysed with the two-tailed MannWhitney U test. The two-tailed Wilcoxon signed-rank test for paired data was used to analyse change after treatment. Correlations were calculated using a two-tailed Spearman's rho. All statistical analyses were performed using Prism software (version 5, GraphPad Software, La Jolla, CA, USA).
Results
Clinical characteristics and clinical response to rituximab
Patient characteristics and clinical response to treatment according to the EULAR response criteria are summarized in Table 1 . The mean age between the HCs and RA patients was significantly different (mean age HCs 36 years, mean age RA patients 53 years). However, none of the measured parameters correlated significantly with age. At baseline, patients had active disease (median DAS28 = 5.3), and after 24 weeks follow-up, three patients were classified as non-responders, seven patients were moderate responders and four patients were good responders according to EULAR response criteria.
Depletion of B cells in peripheral blood does not correlate with treatment response
In peripheral blood the frequencies of B cells, before rituximab treatment, did not correlate with ACPA levels, IgM-RF levels or DAS28 ( Supplementary Fig. S1A , available at Rheumatology online). Four weeks after the first rituximab infusion there was complete depletion of peripheral blood B cells (cut off <0. . MannWhitney test was used to analyse significant differences in cell subsets between healthy controls and RA patients (baseline). A Wilcoxon matched-pairs signed rank test was used to analyse significant changes before and after treatment. *P < 0.05, **P < 0.01, ***P < 0.001. HC: healthy controls; LN: lymph node; RTX: rituximab.
(n = 7). These were increased in RA patients compared with HCs (P = 0.02 and P = 0.016) ( Fig. 1C and Supplementary Fig. S2 , available at Rheumatology online). Before as well as after rituximab treatment, the frequencies of total B cells in peripheral blood of RA patients did not correlate with the frequency of total B cells or any specific B cell subset in LN biopsies (data not shown).
Rituximab treatment mainly depletes naïve and unswitched memory B cells in lymph node biopsies but switched memory B cells persist Four weeks after rituximab treatment, the relative and absolute frequencies of total CD19 + B cells (P = 0.0004) was significantly decreased but there was still persistence of a proportion of B cells (median 10% of total lymphocytes compared with 21% before treatment) ( and 5654 per 100 000 CD45 + cells after treatment, P = 0.01
and P = 0.37, respectively) ( Fig. 1A and Supplementary Fig.  S2 , available at Rheumatology online). In summary, the relative distribution of the different B cell subsets after two rituximab infusions was changed in favour of IgD À B cell populations (Fig. 1B) . The changes in different B cell subsets are summarized in Table 2 .
No significant differences in the frequencies of B cell subsets between the clinical good, moderate and non-responders could be found at baseline or 4 weeks after treatment (data not shown). In addition, changes in frequencies of different B cell subsets in lymphoid tissue between baseline and 4 weeks after rituximab treatment did not correlate with the change in DAS28 at 24 weeks (data not shown). Of note, these results need to be interpreted with caution as there were only three non-responders in this exploratory study.
B cell follicular structures and CD138
+ plasma cell numbers in lymph node tissue are unaffected by rituximab treatment
Since we found limited depletion of lymphoid switched memory B cells, we analysed if B cell follicles could still be discerned after treatment using immunohistochemical staining for CD22. In parallel we analysed the effect of rituximab on CD138 + plasma cells using immunohistochemistry since surface expression of CD138 to determine the frequency of plasma cells is challenging to measure by flow cytometry (Fig. 2A) . In line with our flow cytometry data, CD22 + B cells could still be readily detected after rituximab treatment, and follicular structures were still present. Quantification of the staining confirmed that numbers of CD22 + cells/mm 2 were decreased after rituximab treatment (P < 0.0001). The numbers of CD138 + cells/mm 2 were unaltered after rituximab treatment (Fig. 2B) . 
Complement inhibitor CD55 and BAFF-R are decreased on persisting B cells
To explore a potential explanation behind the observed variable responsiveness of LN B cells to rituximab, we investigated the expression of membrane molecules on LN B cells potentially involved in resistance to rituximab. CD20, complement inhibitors CD55 and CD59 as well as the receptors for B cell survival factor BAFF, BAFF-R and TACI have all been reported to be associated with a decreased response to rituximab treatment in various haematological diseases [2022] . In RA LN biopsies, expression level of CD20 was comparable between memory and naïve B cells indicating that there is no difference in susceptibility to CD20-mediated B cell depletion based on different CD20 levels (data not shown). CD20 was only measured at baseline, since rituximab may mask CD20. The expression levels of CD55 and CD59 (measured by geometric mean fluorescence intensity) on B cells were not different in RA patients compared with HCs (Fig. 3A) . CD55 and CD59 expression levels were not correlated with B cell subset frequencies. After rituximab treatment the majority of persisting B cells expressed CD55 and CD59, although the expression levels of CD55 (geometric mean fluorescence intensity) were significantly lower on persisting lymphoid B cells in RA patients compared with baseline expression (P = 0.049; Fig. 3A ). Expression levels of CD55 and CD59 on B cells were variable before and after rituximab treatment. There was no correlation between the expression levels of CD55 or CD59 at baseline or after treatment and the frequencies of B cell subsets after rituximab treatment or the extent of B cell depletion (data not shown). There were no significant differences in the frequency of BAFF-R + or TACI + lymphoid B cells between RA patients and HCs (Fig. 3B) . BAFF-R is expressed on all B cell subsets. There was no correlation between the level of expression and B cell subset frequencies. Since TACI is mainly expressed on mature B cells and memory B cells, we investigated the possible relationship between the frequency of memory B cells and TACI + B cells. [median 47% (interquartile range 3361%) before to 54% (4267%) after treatment P = 0.2; Fig. 3B ]. Baseline expression of CD20, CD55, CD59, BAFF-R or TACI and changes in expression after rituximab treatment (ÁCD20, ÁCD55, ÁCD59, ÁBAFF-R or ÁTACI) did not correlate with ÁDAS28 at 24 weeks (data not shown). An important limitation of this exploratory part of the analysis was that there were only three non-responders in the whole study, and for this part of the analysis two of these non-responders could not be analysed because of low cell numbers. Taken together, we found no indication of involvement of low CD20 expression, complement inhibitor expression levels or receptors for survival factors in resistance of LN B cells to rituximab. In addition, expression of these factors on the total LN B cell population was not related to clinical response, although these results need to be interpreted with caution.
Numbers of activated T cells are increased in lymphoid tissue of RA patients and early activation markers decrease after rituximab treatment Therapeutic B cell depletion may diminish disease activity through various mechanisms [23] . Besides reducing the presence of excreted B cell products such as cytokines, autoantibodies and free light chains, T cell activation may be reduced, specifically at sites of antigen presentation [24] . Therefore, we analysed the activation status of T cells based on expression of CD69 (marker for very early activation and tissue residence [25] ), CD25 (early activation) and HLA-DR (mid to late activation). Table 2 ). The baseline or post-treatment frequencies of activated T cells did not correlate to treatment response (data not shown). Since circulating T cells may carry CD20 at low expression levels on their surface, we analysed CD20 expression on LN CD3 + T cells at baseline and found that $99% of the CD3 + T cells expressing CD69 are negative for CD20 (data not shown) suggesting that the observed decrease in activated T cells is not a direct effect of rituximab on CD20 + T cells but rather an indirect consequence of B cell depletion. Based on histology, the distribution and number of CD3 + T cells in lymphoid tissue was unaltered after rituximab treatment (Fig. 4B) . As an indication for follicular T cell activity, we analysed the relative quantity of IL-21 mRNA in whole LN biopsies from HCs and RA patients. IL-21 mRNA levels were higher in LN biopsies from RA patients compared with HCs (P = 0.004). After rituximab treatment, IL-21 mRNA levels remained stable. Taken together, these data show that in lymphoid tissue, T cell activation is increased in RA patients and related to switched memory B cell frequencies. The frequency of early activated, tissue resident T cells is decreased after rituximab treatment, but late activated T cells persist. In addition, total IL-21 mRNA levels in LN biopsies from RA patients remain high after rituximab treatment.
Discussion
The results presented here show for the first time that on group level the distribution of naïve and memory B cell Rituximab treatment induces clinical improvement in the majority of autoantibody positive RA patients, but all patients eventually relapse [26] . We postulate that this may be explained by persistence of autoreactive switched memory B cells in secondary lymphoid tissues. Previous studies have shown that rituximab causes almost complete depletion of B cells in peripheral blood, but only partial depletion in synovium [10, 11, 27] and bone marrow [9, 12] . Residual B cells in blood mainly consist of memory B cells with an activated phenotype [27] . Blood biomarker candidates like IgJ hi FCRL5 lo for CD20-negative plasmablasts and a higher ratio of memory B cells to transitional B cells at reconstitution have been described to predict the response to rituximab [28, 29] . However, understanding which B cell subsets persist in tissues may provide more insight into the mechanism of action of rituximab in peripheral tissues and B cell repopulation after treatment. Here we show that, similar to what has been observed in blood, switched memory B cells and B cell follicular structures persist in lymphoid tissue after rituximab treatment. This indicates that rituximab leads to varying levels of B cell depletion in different body compartments probably due to specific tissue microenvironment factors [30] . In addition, it has previously been shown that serum BAFF (B lymphocyte stimulator) levels rise following B cell depletion [26] . BAFF binding to BAFF-R may regulate B cell as well as plasma cell survival in the context of autoimmunity [31] TACI is mainly expressed on resting memory B cells while BAFF-R is expressed by all B cells including naïve B cells [32] , which are the first B cells to repopulate in peripheral blood after rituximab treatment [33] . BAFF is constitutively produced by lymphoid stromal cells [34] and can drive B cell differentiation of the residual lymphoid naïve B cells expressing BAFF-R. BAFF signalling through the BAFF receptor and TACI receptor has been found especially important for naïve B cell survival. In this context, anti-BAFF treatment in patients with systemic lupus erythematosus has recently been associated with rapid and strong effects on naïve B cells and a delayed decrease in autoreactivity-associated B cells [35] . Co-operation of BAFF with other B cell survival factors may mediate memory B cell survival. Of interest, IL-21 has been shown to collaborate with BAFF in stimulating T cell-independent plasmablast formation from memory B cells in an experimental lupus model [36] . In another experimental lupus model, IL-15 stimulated memory B cell survival together with BAFF [37] . Taken together, the literature suggests that BAFF may be an important candidate for the B cell survival observed in the present study, as well as in the repopulation after rituximab treatment. There is also a role for T cell-dependent activation of B cells in the pathogenesis of RA. Human synovium-SCID mouse chimeras [24] showed that T cell activation in RA synovium is B cell dependent and that T cells are involved in the formation of tertiary lymphoid structures in the inflamed tissue [38] . Consistent with this notion, we here show an increased frequency of activated LN T cells in RA patients correlating with the frequencies of switched memory B cells. In addition, we showed an increased frequency of a follicular B cell subset in RA patients, which is mainly involved in T cell-dependent immune responses and has been associated with active arthritis [19] . After B cell depleting treatment, a decreased frequency of markers of early T cell activation and a decrease in these follicular B cells was observed in LNs, but in the context of persistent late T cell activation. IL-21 mRNA levels were markedly increased in lymphoid tissue of RA patients but unaltered after rituximab treatment. IL-21 is mainly produced by follicular T helper cells and is crucial in providing signals for B cell proliferation and differentiation [39] . Persistent levels of IL-21, presumably produced by persistent follicular T helper cells, may provide positive signals for B cell repopulation in secondary lymphoid tissue. An effect of rituximab on activated T cells has been described in SLE where clinical remission was associated with decreased frequencies of activated T helper cells in peripheral blood [40] . A recent study analysed LN B cell persistence after CD20-mediated B cell depletion in experimental encephalomyelitis mouse models [41] . LN memory B cells persisted to some extent in naïve mice. In mice induced with a TB cell-dependent form of experimental encephalomyelitis, an enhanced number of autoreactive memory B cells persisted in LNs. Clinical relapse was associated with enhanced expansions of these cells within an overall restricted B cell repertoire. This indicates that factors involved in LN TB cell crosstalk are likely to be involved in both the clinical response to rituximab and clinical relapses after rituximab. In future research studies in LN biopsies, it will be of importance to investigate in more detail germinal centre B cells and Tfh cells, as well as factors produced by the LN microenvironment supporting this BT cell crosstalk. This is the first report describing the lymphoid tissue response to rituximab in RA patients; the results are consistent with and extend a previous report in four patients showing that a single dose of rituximab results in incomplete depletion of B cells in iliac LNs of patients receiving renal transplantation [42] . Similarly, there was persistence of B cells in LNs of a subset of cynomolgus monkeys treated with rituximab in a model of allotransplantation [43] . The results support the view that rituximab treatment improves RA in part because, next to B cell depletion, it results in decreased T cell activation. The observed persistence of switched memory B cells in lymphoid tissues after treatment may explain the observation that this therapy does not result in a cure for RA. 
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